Abstract Endocannabinoids (ECs) are defined as endogenous agonists of cannabinoid receptors type 1 and 2 (CB 1 and CB 2 ). ECs, EC anabolic and catabolic enzymes and cannabinoid receptors constitute the EC signalling system. This system participates in the control of lipid and glucose metabolism at several levels, with the possible endpoint of the accumulation of energy as fat. Following unbalanced energy intake, however, the EC system becomes dysregulated, and in most cases overactive, in several organs participating in energy homeostasis, particularly, in intraabdominal adipose tissue. This dysregulation might contribute to excessive visceral fat accumulation and reduced adiponectin release from this tissue, and to the onset of several cardiometabolic risk factors that are associated with obesity and type 2 diabetes. This phenomenon might form the basis of the mechanism of action of CB 1 antagonists/ inverse agonists, recently developed by several pharmaceutical companies as adjuvants to lifestyle modification for weight reduction, glycaemic control and dyslipidaemia in obese and type 2 diabetes patients. It also helps to explain why some of the beneficial actions of these new therapeutics appear to be partly independent from weight loss.
Introduction
The endocannabinoid (EC) system was identified in the early 1990s during investigations into the mechanism of action of the major cannabis-derived psychotropic compound, Δ 9 -tetrahydrocannabinol (THC) [1, 2] . The cloning of cannabinoid receptors led to the identification of endogenous molecules capable of binding and activating them, defined as 'endocannabinoids' because despite being chemically different from THC they are still capable of recognising its specific binding sites [3] . The two most widely studied ECs, anandamide and 2-arachidonoylglycerol (2-AG) ( Fig. 1) , are phospholipid-derived lipids containing an arachidonic acid chain in their chemical structure. Anabolic and catabolic enzymes for ECs are still being identified and cloned [4] [5] [6] . These proteins, together with the ECs and the type 1 and 2 cannabinoid receptors (CB 1 and CB 2 ), constitute the EC system. Since anandamide, but not 2-AG, is also an agonist of transient receptor vanilloid type-1 (TRPV1) [7] , some authors consider this unselective cation channel to be part of the EC system. Anandamide and that part of 2-AG that acts as an endocannabinoid (2-AG is also an intermediate in triacylglycerol and phospholipid metabolism) are released from cells immediately after their production (i.e. with no intermediate storage in vesicles) to activate their targets locally. ECs are produced following an elevation of intracellular Ca 2+ levels, and are inactivated when paracrine or autocrine cannabinoid receptor activation is to be terminated [8, 9] .The general strategy of EC function is to restore local homeostasis when it becomes disrupted under stressful conditions. Excessive neuronal activity, cell damage and exaggerated stimulation of inflammatory cytokine receptors are examples of pathological conditions leading to EC biosynthesis that are dampened by cannabinoid receptor activation. In addition, there are physiological perturbations of homeostasis that can trigger EC production, which, together with other homeostatic signalling systems, helps cells return to their steady state. During conditions of prolonged or chronic perturbations, however, the EC system often becomes dysregulated, i.e. the production and action of ECs lose specificity in time and space. Thus, cannabinoid receptors become 'overactive' or are activated on cells that were not originally meant to be targeted by ECs [10] .
In mammals, emotional stress is one condition leading to changes in the EC system. Various types of acute or chronic stressors will trigger EC production and CB 1 receptor activation in a site-and time-specific manner in the brain, this being one of the mechanisms that helps the organism to cope with, and recover from, the consequences of stress [11] [12] [13] [14] [15] . Accordingly, cross-talk between glucocorticoids and the EC system has been described [16, 17] . Brief food deprivation constitutes an acute perturbation of homeostasis, and it is therefore not surprising to discover that it is accompanied by transient elevation of EC levels in the hypothalamus and limbic forebrain, with subsequent activation of CB 1 receptors, which stimulates food intake [18, 19] . Recent evidence indicates that the EC system is not only needed to help animals re-establish their energy status via central stimulation of appetite and motivation to consume food [20] . As described in the following sections, it also participates in the storage of newly acquired energy into fat. In fact, CB 1 null mice not only consume less food after food deprivation [18] , but also accumulate less fat in adipose tissue as compared with pair-fed wild-type mice [21] .
Role of the EC system in adipogenesis and lipogenesis
Effects of CB 1 stimulation on adipocyte differentiation and proliferation Increasing evidence indicates that the EC system plays an important role in adipogenesis (Fig. 2 ). EC and CB 1 levels increase following mouse 3T3 and human pre-adipocyte differentiation into mature adipocytes [22] [23] [24] [25] [26] . CB 1 stimulation of both mouse 3T3 and human preadipocytes is accompanied by upregulation of mRNA for one of the key players in the activation of this process, the peroxisome proliferator-activated receptor γ (PPAR-γ) [23, 26] , and by increased adipocyte size and triacylglycerol content [23] . There is also indirect evidence of a role for CB 1 in the determination of adipocyte number in adipose tissue, since blockade of this receptor inhibits mouse 3T3 adipocyte proliferation [27] . Thus, perhaps following central CB 1 -mediated energy intake, adipocyte CB 1 stimulation ensures that enough fat storage cells are present in the adipose tissue and that they accommodate as much fat as possible.
Effects of CB 1 stimulation on adipocyte lipogenesis In addition to PPAR-γ EC-mediated fat accumulation in adipocytes involves a large variety of molecular mechanisms (Fig. 2) , including (1) activation of lipoprotein lipase [21] , to provide the adipocyte with exogenous fatty acids for triacylglycerol synthesis; (2) inhibition of adenylate cyclase [23] , to inhibit lipolysis and stimulate triacylglycerol synthesis; (3) inhibition of 5′-AMP-activated protein kinase (AMPK) [28] , with subsequent inhibition of fatty acid oxidation; (4) enhancement of both basal and insulinstimulated glucose uptake [24, 26] and stimulation of fatty acid synthase (FAS) production [29] , to provide adipocytes with glucose for the production of precursors for FAScatalysed de novo fatty acid synthesis and of glycerol for triacylglycerol biosynthesis. The role of CB 1 in the tonic inhibition of lipolysis is also suggested by in vivo experiments showing that acute blockade of this receptor causes lipolysis in fat tissue, as evidenced by increased plasma NEFA [30, 31] .
To avoid excessive lipid accumulation in adipocytes, these mechanisms are normally subject to autocrine regulation in mature adipocytes, which limits both EC and CB 1 levels through various mediators, including (1) leptin, which reduces EC levels in these cells [23] , as also observed in the hypothalamus [18] ; (2) PPAR-γ, which has a negative feedback effect on both CB 1 content [26] and EC levels [23] , perhaps by upregulating one of the enzymes responsible for their degradation, the fatty acid amide hydrolase (FAAH) [26] ; and (3) PPAR-δ, which negatively regulates CB 1 content [32]. Exogenous insulin might also limit EC levels, since hyperinsulinaemia in lean humans correlates with the upregulation of Faah mRNA levels in the subcutaneous adipose tissue [33], whereas postprandial and postoral glucose hyperinsulinaemia is accompanied by decreased plasma EC levels [23] , two effects that are not observed in obese individuals (see below). The other proposed major molecular target for anandamide, the TRPV1 channel, has been shown to be produced in pre-adipocytes and to inhibit adipogenesis [34] . Therefore, 2-AG, which does not activate TRPV1 receptors, and anandamide might play different roles in adipogenesis, particularly since, under certain conditions, TRPV1 stimulation inhibits 2-AG biosynthesis [35] . This might explain why the two major ECs are often differentially regulated during adipogenesis and following hyperinsulinaemia and obesity [23, 36, 37] . Less clear is the role, in adipocytes, of CB 2 which is activated more efficaciously by 2-AG than by anandamide. Data on the presence of CB 2 in these cells are inconsistent [23] [24] [25] [26] 38 ] and, clearly, further studies are needed in this area.
Effects of CB 1 stimulation on fatty acid synthesis and oxidation in non-adipose organs Some of the pro-lipogenetic effects of CB 1 stimulation described above have also been reported to occur in other organs. Inhibition of adenylate cyclase is an intracellular signalling event coupled to CB 1 in several tissues [2] . AMPK inhibition by THC and/or 2-AG occurs in the liver [28] . CB 1 blockade is coupled to stimulation of AMPK in cultured human skeletal muscle myotubes, thus indirectly suggesting a tonic inhibition of AMPK by ECs in skeletal muscle [39] . CB 1 coupling to elevation of FAS and acetyl-CoA carboxylase levels has been reported in liver [29] . These findings appear to indicate that the EC system might induce lipogenesis and inhibit lipolysis and fatty acid oxidation in non-adipose organs. This would imply that, under pathological conditions where this system becomes overactive (see below), the EC system might actively and directly participate in ectopic fat formation in various organs, and hence in reduced insulin sensitivity and increased cardiovascular risk [40] . Obviously, the role of CB 1 in reducing fatty acid oxidation in non-adipose tissues, also suggested by in vivo studies with CB 1 blockers [30, 31], needs to be further investigated.
Role of the EC system in glucose metabolism
The potential role of the EC system in glycaemic control was suggested by indirect in vivo experiments carried out in rats. First, acute intraperitoneal administration of CB 1 agonists retards the clearance of plasma glucose after the oral administration of glucose. Interestingly, CB 2 agonists exert the opposite effect. The effects of CB 1 PPAR-δ Fig. 2 Role of the endocannabinoid system in adipogenesis and lipogenesis, and its regulation. Solid lines denote activation, broken lines denote inhibition. Note the several ways through which CB 1 stimulation can increase the storing capacity of adipose tissue by stimulating preadipocyte differentiation (via upregulation of adipocyte PPAR-γ levels and, possibly, by stimulating insulin release from beta cells), and enhancing de novo fatty acid synthesis (via stimulation of LPL and upregulation of FAS levels and glucose uptake), reducing fatty acid oxidation (via inhibition of AMPK), and enhancing triacylglycerol accumulation (via inhibition of lipolysis). Also note how the system is negatively regulated by PPARs, leptin [23, 26] and insulin [48] . LPL, lipoprotein lipase; PI3-kinase, phosphatidylinositol 3-kinase. Based on data from [23, 26, 48] clearance of plasma glucose, respectively [41] . Furthermore, oral administration of a single dose of the CB 1 antagonist AVE1625 to rats causes liver glycogenolysis and an immediate increase in total energy expenditure, as measured by indirect calorimetry, which was attributed not only to a long-lasting increase in fat oxidation, but also to a transient increase in glucose oxidation [30] . These findings indicate that, in glucose-utilising tissues of lean rats, there might be endogenous levels of ECs high enough for tonic activation of CB 1 but not CB 2 . This would, in turn, decrease glucose utilisation, which would possibly be advantageous for EC-mediated glucose uptake by adipocytes for de novo triacylglycerol biosynthesis. These putative effects of ECs might be due to reduction of insulin release from beta cells or inhibition of insulin sensitivity at the level of non-adipose glucose-utilising tissues, or both.
Potential role of ECs in the endocrine pancreas This section provides a summary of the results of recent studies on the expression of cannabinoid receptors in the endocrine pancreas. First, in mice, CB 1 seems to be mostly expressed in alpha cells, based on immunohistochemical co-localisation with glucagon, whereas CB 2 is abundant in beta cells, based on co-localisation with insulin [42, 43] . In one recent report [44] , however, the inhibitory action of CB 1 agonists on insulin secretion prompted the authors to suggest the presence of CB 1 in mouse beta cells. In this study, however, no immunohistochemical co-localisation with insulin or glucagon was performed, and the effect of CB 1 antagonists on the agonists used was not studied. Interestingly, alpha, but not beta, cells from lean mice also contain EC synthesising enzymes, whereas beta, but not alpha, cells produce EC degrading enzymes, suggesting a paracrine action of ECs in mouse pancreatic islets [43] . Second, in the rat and human pancreas, CB 1 is instead co-expressed with both insulin and glucagon, suggesting that this receptor is present in beta cells, which also express CB 2 [42, 43] . Contrary to findings in the mouse [44] , rat insulinoma and human beta cells respond to CB 1 stimulation by increasing insulin secretion [23, 45] . Interestingly, CB 1 agonists also enhance glucagon release from human alpha cells, whereas CB 2 agonists reduce both insulin and glucagon release. Thus, the modulatory effects of CB 1 and CB 2 activation on insulin release observed in rat and/or human pancreatic islets do not account for the inhibition or stimulation of plasma glucose clearance, respectively, caused by these two stimuli in rats after oral glucose administration [41] . This might suggest that the effects of ECs on plasma glucose levels in lean rats are not due to altered insulin release from beta cells but rather to actions on insulin sensitivity (e.g. in skeletal muscle) or modulation of hepatic glucose release/uptake (see below). Therefore, if the in vitro data on the effects of cannabinoid receptor agonists on insulin release can be extrapolated to the in vivo situation, it seems unlikely that the endocrine pancreas plays an important role in CB 1 -mediated glucose intolerance (although it might influence the putative contribution of CB 1 to type 2 diabetes, see below and Fig. 3 ).
Potential role of ECs in skeletal muscle glucose metabolism Although evidence points to a desensitising effect of CB 1 stimulation on insulin-induced glucose uptake and oxidation in skeletal muscle, no studies to date have investigated this possibility. CB 1 receptors are found in both mouse and human skeletal muscle [46, 47] , but it is unknown if they modify the intracellular signalling events down-stream of insulin receptor stimulation. Cavuoto and colleagues [39] showed an increase in PRKAA1 (also known as AMPKA1) mRNA content following human myotube treatment with the CB 1 antagonist AM251, which was reverted by co-incubation with anandamide. Although the relationship between this event and insulin sensitivity was not investigated, one might hypothesise that ECs inhibit the production of AMPKα1 in skeletal muscle and, hence, glucose (and fatty acid) oxidation. However, cannabinoid receptor agonists did not modify AMPK activity in rat skeletal muscle [28] . Interestingly, not only CB 1 , but also CB 2 and TRPV1 are present in human and rodent skeletal muscle [47] . Therefore, much work will be needed to understand the role of ECs in the control of glucose utilisation by skeletal muscle.
Potential role of ECs in hepatic glucose metabolism Not much is known about the role of CB 1 in hepatic control of glucose metabolism. It must be emphasised that the amount of CB 1 in the liver is very low (although there is a clear upregulation of CB 1 production in the liver of mice with diet-induced obesity, see below). Nevertheless, as mentioned above, evidence suggests that acute systemic blockade of CB 1 in lean rats increases liver glycogenolysis [30] . This, however, does not necessarily mean that activation of CB 1 produces the opposite effect, nor that it does so by directly targeting the liver. Importantly, cannabinoid receptor agonists inhibit AMPK in the liver [28] and, although the role of CB 1 receptors in this effect has not been shown yet, this might enhance hepatic gluconeogenesis. Whilst it is conceivable that changes in glycogenolysis and gluconeogenesis are reflected by changes in glucose release from the liver, studies on the direct effect of CB 1 agonists or antagonists on hepatic glucose production have not been conducted as yet, and this represents an area for future investigation. The same reasoning applies to studies on insulin sensitivity performed with euglycaemic-hyperinsulinaemic clamps (in both animals and humans), which are necessary to confirm the role of cannabinoid receptors in insulin sensitivity.
Dysregulation of the EC system in obesity, hyperglycaemia and diabetes
Evidence from animal models The possibility that the EC system becomes dysregulated during obesity and diabetes was proposed following the realisation that EC and/or CB 1 levels in both nervous and non-nervous tissues involved in energy homeostasis are under the control of hormones, the levels of which are altered during these metabolic disorders. In obese rodents with a malfunctioning leptin signalling system, it was not surprising to observe permanently elevated EC levels in the tissue with the highest levels of leptin receptor expression, the hypothalamus, where leptin downregulates EC biosynthesis [18] . In peripheral organs, if it is confirmed that insulin downregulates EC levels or upregulates EC degradation in lean animals, as shown in rat insulinoma cells [23] Dysregulation of the peripheral endocannabinoid system in high-fat diet-induced hyperglycaemia and obesity). In the mouse pancreas, early (3 and 8 weeks), but not late (14 weeks), elevations in both anandamide and 2-AG levels following a high-fat diet were accompanied by the presence of biosynthetic enzymes in alpha cells and beta cells, and downregulation of FAAH in alpha cells [43] . Downregulation of FAAH levels and upregulation of CB 1 levels also accompanied elevation of hepatic EC levels in mice fed for 3 weeks with a different high-fat diet [29] . Interestingly, again in mice after high-fat diets, there was a striking redistribution of EC tone in the various fat depots, with decreased, unchanged and increased levels observed in the subcutaneous, mesenteric and epididymal fat, respectively [23, 43, 48] . In two endocrine organs involved in the control of energy homeostasis, the adrenal gland and the thyroid, the observed changes in 2-AG levels are dependent not only on the duration, but also on the fatty acid composition of the high-fat diet [49] . In isolated adipocytes, the type of fatty acids delivered to the cell influence EC levels, with n-3 polyunsaturated fatty acids producing a decrease and arachidonic acid producing an increase [50] .
Discrepant results exist regarding the upregulation of CB 1 receptors in obese rodents. Increased amounts of Cnr1 expression and levels of CB 1 , the encoded protein, were found in the visceral and subcutaneous (but not brown) fat of rats after a high-fat diet, and this phenomenon seems to be related to a concomitant reduction in PPAR-δ levels. In fact, in these obese rats, exercise elevated PPAR-δ production and Permanent upregulation of EC levels CB 1 activation prevails on CB 2 in beta cells CB 1 activation prevails on TRPV1 in adipocytes 'Useless' insulin is continuously produced CB 1 and TRPV1 activation worsen inflammation Fig. 3 Hypothetical role of the endocannabinoid system in type 2 diabetes. After a meal in a normal weight/normoglycaemic individual, endocannabinoid-induced CB 1 and TRPV1 stimulatory actions on insulin release [44, 81] might be counteracted by CB 2 [45], possibly as a result of the preponderance of 2-AG (most active on both CB 1 and CB 2 receptors) over anandamide (most active on CB 1 and TRPV1 receptors) levels. In hyperglycaemia and obesity, both anandamide and 2-AG levels are permanently increased in the pancreas (see Fig. 2 ), thus causing overstimulation of CB 1 and TRPV1 vs CB 2 receptors, and enhanced insulin release [45, 81] . At the same time, insulin sensitivity is decreased by elevated 2-AG levels in the skeletal muscle, whereas elevation of adipocyte 2-AG, but not anandamide, levels causes preferential activation of pro-lipogenetic CB 1 vs anti-lipogenetic [34] TRPV1 receptors, visceral fat accumulation and reduced adiponectin production. These events together cause more insulin resistance and hyperinsulinemia, thus leading to beta cell hypertrophy, destructuration and damage, ultimately contributing to type 2 diabetes, possibly also through CB 1 and TRPV1-mediated proinflammatory actions decreased CB 1 levels [32]. Conversely, CB 1 (and CB 2 ) levels did not change in either the subcutaneous or mesenteric fat of mice that became obese following a high-fat diet [43] .
Evidence in humans The first evidence of peripheral elevation of EC tone in humans came from studies in overweight/obese women with a binge eating disorder [51] and in obese postmenopausal women [52] , in whom elevated blood levels of anandamide only, or both anandamide and 2-AG, respectively, were reported. However, elevation of only 2-AG levels was observed in the visceral, but not subcutaneous, adipose tissue of overweight/obese humans [23] . The overactivity of the EC system in the visceral vs subcutaneous adipose depots was confirmed by studies showing a positive correlation between plasma levels of 2-AG, but not anandamide, and the amount of intra-abdominal fat (measured by computed tomography) [36, 37] . In non-obese patients (BMI~30) with type 2 diabetes with only partially controlled hyperglycaemia, plasma levels of anandamide and 2-AG are elevated compared with those in non-diabetic matched controls [23] . Importantly, although ECs are not circulating hormones, there is evidence suggesting that plasma levels of 2-AG (which are at least two orders of magnitude lower than those measured in tissues) are partly the result of peripheral organ spill-over (V. Di Marzo, unpublished data).
One possible cause of elevated peripheral EC levels is the downregulation of EC degrading enzyme levels, which has been observed in the visceral and subcutaneous fat of obese patients [36, 52, 53] . Lack of FAAH mRNA upregulation by insulin has been reported in the subcutaneous fat of obese vs lean patients [33] . Accordingly, Sipe et al.
[54] found a correlation between overweight/obesity and a missense polymorphism in the Faah gene, although this finding was not confirmed by other authors [55] . Others have, instead, reported an increase in mRNAs for degrading enzymes in visceral fat compared with a decrease in gluteal subcutaneous fat [26] . However, these changes were accompanied by parallel changes in levels of mRNAs for EC biosynthetic enzymes, in agreement with elevated EC levels in the visceral vs subcutaneous fat of obese patients [26] .
Results regarding CB 1 expression in human obesity are also controversial. Downregulation has been observed in the omental and subcutaneous adipose depots by some authors [36, 52, 56], but not others [23] . Löfgren et al. found no changes in CNR1 mRNA levels in either depot of obese patients, and no correlation with adiponectin mRNA content [53] . It has also been reported that CNR1 mRNA levels are increased in the visceral fat and subcutaneous abdominal fat, and decreased in the gluteal subcutaneous fat [26] . From these data it appears that the measurement of EC metabolic enzyme and CNR1 mRNA levels is particularly sensitive to differences in experimental procedures and patient cohorts, and will require further investigation. Correlations between polymorphisms in CNR1, the gene encoding CB 1 , and the occurrence of lean or obese phenotypes in various adult human populations have also been found [57-60]. Clearly, any conclusion as to the pathological relevance of these findings must await further studies assessing the impact of these mutations on the functional activity of CB 1 and identifying those sequences in CNR1 that are relevant to the development of obesity. The latter of these issues was partly addressed in a recent study carried out in 1,932 obese cases and 1173 non-obese controls of French-European origin [61] . Of 25 successfully genotyped CNR1 single nucleotide polymorphisms (SNPs), 12 showed nominal evidence of association with childhood obesity, class I and II and/or class III adult obesity. Intronic SNPs rs806381 and rs2023239 were also associated with higher BMI in both Swiss obese individuals and Danish individuals. The genotyping of all known variants in partial linkage disequilibrium with these two SNPs in an initial case-control study identified two SNPs (rs6454674 and rs10485170) more strongly associated with BMI [61] .
Consequences of a dysregulated EC system
The dysregulation of EC and CB 1 levels might affect all those biological actions that are exerted through the EC system in various organs. In adipose tissues, the imbalance between EC tone in the visceral and subcutaneous depots might determine an excessive accumulation of fat in the former at the expense of the latter. Given the proposed role of intra-abdominal fat in insulin resistance and atherogenic inflammation [40] , this might contribute to the development of type 2 diabetes and atherosclerosis. This scenario would be exacerbated if, as shown to date in mouse and rat [23, 62] , but not human [26, 52] mature/hypertrophic adipocytes, CB 1 stimulation inhibits the production and release of adiponectin, an important insulin-sensitising and anti-inflammatory adipokine. Indeed, obesity-related EC system overactivation in human obese patients is accompanied by increased production of visceral adipose tissue TNF-α which, in turn, stimulates EC system activation in vitro [56], thereby generating a potential vicious circle for atherogenic inflammation. In the liver, increased levels of both CB 1 and EC might facilitate not only non-alcoholic steatohepatitis [29] and its cardiovascular consequences [40] , but also excessive hepatic fatty acid and triacylglycerol production, which contribute to insulin resistance and low HDL-/high VLDLcholesterol, respectively. In skeletal muscle and the pancreas, the consequences of what, in rodents, seems to be an early overactive EC system [43, 49 ] have yet to be determined, but might include reduced insulin sensitivity and excessive insulin release, respectively, which might lead to further hyperglycaemia and, eventually, to pancreatic beta cell hypertrophy and death (Fig. 3) .
The potential cause-effect relationship between EC overactivity, particularly in the intra-abdominal fat depot, and human cardiometabolic risk factors is suggested by the finding that high plasma 2-AG levels are correlated with increased triacylglycerol and fasting glucose and reduced insulin sensitivity and HDL-cholesterol in obese patients [36, 37] .
CB 1 receptor blockers against obesity and type 2 diabetes
The most convincing evidence that the dysregulated EC system plays a major role in the development of obesity and type 2 diabetes, and their cardiovascular and renal conHypertrophy? Perirenal fat? Renal failure 2-AG, AEA Late and sustained
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Dysregulation of the peripheral endocannabinoid system in high-fat diet-induced hyperglycaemia and obesity The possible (and, in some cases, just hypothesised) consequences of CB 1 activation and overactivation are also shown. Note how the upregulation of endocannabinoid tone can have different effects on AEA and 2-AG (with subsequent differential impact on the activity of cannabinoid and TRPV1 receptors, as suggested in Fig. 3) , and in a time-dependent way ('early' is usually associated with HFD-induced hyperglycaemia; 'sustained', with overt HFD-induced obesity). AEA, anandamide; HFD, high-fat diet Potential consequences Site of action sequences, and in hepatosteatosis, comes from studies carried out in animal models of these two metabolic disorders involving congenital or prolonged pharmacological blockade of CB 1 receptors, as well as from the five published clinical studies on the chronic administration of CB 1 receptor antagonists/inverse agonists. These studies were recently reviewed (for examples, see [63] [64] [65] ) and will only be briefly discussed here.
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Studies in obese animals
In genetically or high-fat diet-fed obese rodents, Cnr1 knockout or prolonged treatment with CB 1 receptor antagonists/inverse agonists causes a transient inhibition of food intake and a sustained reduction in body weight [66] . These effects are accompanied by reductions in hyperglycaemia and hypertriacylglycerolaemia, and an increase in the HDL-:LDL-cholesterol ratio [67] . Interference with CB 1 function in mice also prevents the development of HFD-induced obesity and hepatosteatosis [29] . In obese Zucker rats with or without diabetes, chronic treatment with the CB 1 antagonist rimonabant also reduces renal failure and beta cell disruption [68] or hepatosteatosis [69] , respectively, in a manner largely independent from food intake. An emerging observation that deserves a special mention is that increased energy expenditure is a major contributor to that part of the weight loss-inducing effect of rimonabant in obese rodents that is independent from its anorectic action. A study on female candy-fed Wistar rats treated daily with rimonabant (10 mg/kg) and matched pairfed rats was recently conducted to distinguish between a merely hypophagic action and an effect on energy expenditure [31] . Body weight was reduced by CB 1 antagonism to levels nearly as low as those seen in rats fed standard rat chow. Evaluation of the balance between energy expenditure (measured by indirect calorimetry) and metabolisable energy intake (calculated by bomb calorimetry) revealed that, as a result of increased fat oxidation, the former made a greater contribution to sustained body weight reduction than reduced food intake. Pair-feeding did not result in comparable effects because animals reduced their energy expenditure to save energy stores. Rimonabant also elevated NEFA levels postprandially, demonstrating its inherent ability to induce lipolysis in a manner not secondary to postabsorptive reductions in food intake. The authors concluded that, in these obese rats, 'the weight reducing effect of rimonabant was due to continuously elevated energy expenditure based on increased fat oxidation driven by lipolysis from fat tissue as long as fat stores were elevated' [31] . However, in a previous study carried out in ob/ob mice, rimonabant was also shown to increase glucose uptake and oxygen consumption in the soleus muscle, thus suggesting that increased skeletal muscle glucose oxidation (possibly as a result of increased insulin sensitivity in this tissue) might also play a role in the enhanced energy expenditure observed in response to CB 1 antagonism [70] .
Clinical studies The Rimonabant in Obesity (RIO) programme evaluated the efficacy and safety of rimonabant in four Phase III randomised trials in which more than 6,000 overweight or obese subjects received double-blind treatment with rimonabant (5 or 20 mg/day) or placebo plus diet and/or lifestyle modification therapy for 1 or 2 years [71] [72] [73] [74] . These trials consistently found that 1 year of treatment with rimonabant 20 mg significantly increased weight loss and reduced waist circumference compared with diet or lifestyle therapy alone (Table 1) . A double-blind, placebo-controlled, 12-week study of another CB 1 receptor inverse agonist, taranabant, in 358 obese/overweight adult completers, reported that weight loss was increased and waist circumference reduced at all evaluated doses (0.5, 2, 4 and 6 mg/day) compared with placebo [75] . Very importantly, in a subgroup of patients who received only a single dose (12 mg) of taranabant, there was a significant reduction (27%) in energy intake over 24 h, and an increase of energy expenditure (measured as a decrease in mean respiratory quotient, and suggestive of lipid metabolism) over 5 h post-dosing [75] .
The RIO-Lipids trial specifically examined the effects of rimonabant on metabolic risk factors, including adiponectin levels [72] . It enrolled 1,036 participants without diabetes, with untreated dyslipidaemia and a BMI between 27 and 40 kg/m 2 . Compared with the placebo group, participants treated with rimonabant (20 mg/day for 1 year) exhibited significant weight loss, an increase in HDL-cholesterol and a reduction in plasma triacylglycerol. Moreover, the treated participants showed significant increases in plasma adiponectin levels compared with the placebo group. This effect was~50% independent of weight loss, which led the authors to conclude that improvements in the lipid profiles of individuals treated with rimonabant may be attributed in part to an increase in adiponectin levels.
The RIO-Diabetes trial enrolled 1,045 overweight/obese participants with type 2 diabetes. Participants had been receiving treatment with metformin or sulfonylurea monotherapy for at least 6 months, had high fasting plasma glucose levels and HbA 1c levels between 6.5% and 10%. Participants treated with rimonabant (20 mg/day for 1 year) showed significant decreases in body weight and improvements in glycaemic control and HbA 1c levels compared with those who received placebo [74] . The HbA 1c -lowering effect of rimonabant was partly independent of weight loss. The Study Evaluating Rimonabant Efficacy in Drug-Naive Diabetic Patients (SERENADE) was conducted on 278 patients with type 2 diabetes who had HbA 1c levels >7% and <10%, not adequately controlled by diet alone for a period of 6 months. Rimonabant (20 mg/day) produced significant reductions in HbA 1c levels. Again, statistical analyses suggested that approximately 57% of the improvements in HbA 1c levels were independent of weight loss [76] .
Recent studies have analysed the efficacy of rimonabant using the pooled 1 year data of the four RIO trials, in one case using a meta-analysis that included two other antiobesity drugs already on the market, sibutramine and orlistat [77, 78] . These results indicated that the CB 1 antagonist might be more efficacious than these two drugs with regard to improvements in HDL-cholesterol, triacylglycerol, blood pressure and glycaemia. Another report emphasised that rimonabant produces modest but significant reductions in blood pressure in a way that, unlike the other beneficial effects of this drug, is accounted for uniquely by weight loss [79] .
The safety profile of rimonabant was reported for the RIO trials, both individually [71] [72] [73] [74] and pooled ( Table 2 ). The data have been subject to different interpretations [78, 80] , but clearly point to depressive disorders, nausea, anxiety and dizziness as the most frequent side effects leading to discontinuation. Importantly, antecedents of depression increase the risk of recurrent depressive disorders during subsequent rimonabant therapy, and severe depression and concomitant antidepressant treatment are contraindications to rimonabant prescription [65, 78] . This needs to be taken into account when prescribing CB 1 The treatment group received an oral dosage of 20 mg/day for 1 year a Occurring in ≥2% of the rimonabant (20 mg) group and in ≥1% of the placebo group b Incidence increased by >0.5% between placebo group and rimonabant (20 mg/day) group Based on data from [78] antagonists to patients with obesity and type 2 diabetes, particularly since depression and anxiety are often described as accompanying these disorders, and weight loss per se can induce mood disturbances [65] . A similar, albeit not completely overlapping, safety profile emerges from the Phase II trial on taranabant [75] , although in this case the smaller number of patients participating in the study did not allow any definitive conclusion to be drawn. In summary, CB 1 receptor antagonists/inverse agonists are emerging as efficacious and relatively safe therapeutic drugs against not only obesity, but also type 2 diabetes and associated cardiometabolic risk factors. Future clinical studies should aim to fully demonstrate the weight lossindependent beneficial effects of such compounds and to reduce the frequency of psychiatric side effects, possibly by ensuring selection of the ideal patient for this type of treatment.
Conclusions
The scenario emerging from the reports on the EC system reviewed in this article is that ECs and CB 1 receptors participate in the control of lipid and glucose metabolism at several levels, with the possible endpoint of the accumulation of energy as fat. This system becomes dysregulated following unbalanced energy intake, and it does so in several organs participating in energy homeostasis, particularly in the intra-abdominal adipose tissue, thus possibly explaining why CB 1 antagonists are efficacious at reducing not only body weight but also hyperglycaemia and dyslipidaemia. Further studies are needed to fully elucidate the role, regulation and dysregulation of ECs in these organs, particularly the skeletal muscle, liver and pancreas, and to investigate EC relationships with hormones that control metabolism, including insulin and gastrointestinal neuropeptides. These studies will help to reinforce the concept of the weight loss-independent beneficial metabolic effects of CB 1 antagonists, and profile the 'ideal patient' to be treated with these compounds. 
